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Abstract 

Background/Aims: Middle East respiratory syndrome coro- 
navirus (MERS-CoV) and Marburg virus (MARV) are among 
the World Health Organization’s top 8 emerging pathogens. 
Both zoonoses share nonspecific early symptoms, a high le- 
thality rate, and a reduced number of specific treatment op- 
tions. Therefore, we evaluated extracorporeal virus and gly- 
coprotein (GP) elimination by lectin affinity plasmapheresis 
(LAP). Methods: For both MERS-CovV (pseudovirus) as well as 
MARV (GPs), 4 LAP devices (Mini Hemopurifiers, Aethlon 
Medical, San Diego, CA, USA) and 4 negative controls were 
tested. Samples were collected every 30 min and analyzed 
for reduction in virus infectivity by a flow cytometry-based 
infectivity assay (MERS-CoV) and in soluble GP content 
(MARV) by an immunoassay. Results: The experiments show 
a time-dependent clearance of MERS-CoV of up to 80% with- 
in 3 h (pseudovirus). Up to 70% of MARV-soluble GPs were 
eliminated at the same time. Substantial saturation of the 
binding resins was detected within the first treatment hour. 
Conclusion: MERS-CoV (pseudovirus) and MARV soluble GPs 
are eliminated by LAP in vitro. Considering the high lethality 


and missing established treatment options, LAP should be 
evaluated in vivo. Especially early initiation, continuous ther- 
apy, and timed cartridge exchanges could be of importance. 
Video Journal Club ‘Cappuccino with Claudio Ronco’ at 
http://www.karger.com/?doi=487224. © 20185. Karger AG, Basel 


Introduction 


According to Bill Gates’ address at the Munich Secu- 
rity Conference 2017, the next 10-15 years could witness 
a global pandemic taking more than 30 million victims in 
less than a year [1]. He therefore called for an accelerated 
development of new vaccines, therapeutics, and diagnos- 
tics for emerging pathogens. Among the World Health 
Organization’s top 8 emerging pathogens are Middle East 
respiratory syndrome coronavirus (MERS-CoV) as well 
as Marburg virus (MARV) [2]. Besides a zoonotic trans- 
mission chain, their common features are nonspecific 
early symptoms, a high lethality rate, and a reduced num- 
ber of effective treatment options [3, 4]. 
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Middle East Respiratory Syndrome Coronavirus 

MERS-CoV is an enveloped betacorona virus and the 
infectious agent of MERS, a severe acute respiratory dis- 
tress syndrome, often accompanied by acute kidney in- 
jury (AKI) [5]. In the past, more than half of adult symp- 
tomatic MERS patients had to be admitted to intensive 
care units (ICU) because of respiratory failure as well as 
AKI (KDIGO 3): mechanical ventilation was necessary in 
70-85% and renal replacement therapy (RRT) in 50-70% 
of ICU cases [6, 7]. Importantly, persisting bloodstream 
detection of MERS-CoV is seen in lethal cases, while the 
virus is cleared from blood in survivors [5, 8-10]. As 
of October 2017, the case fatality rate in Saudi Arabia is 
41% [11]. 


Marburg Virus 

MARV is, like Ebola virus (EBOV), an enveloped 
member of the Filovirus family and is the causal agent of 
Marburg Virus Disease (MVD) [12], a hemorrhagic fever 
with a case fatality rate of up to 90% [13]. Important char- 
acteristics are systemic viral replication, immunosuppres- 
sion, and an abnormal inflammatory response finally 
leading to multiorgan failure [14]. This is initially facili- 
tated by bloodstream dissemination to dendritic cells, 
monocytes, and macrophages. Early replication also takes 
place in the liver, before MARV spreads to the spleen, kid- 
ney, and gonads [13]. During the 2014 EBOV epidemic, 
AKI (KDIGO 3) was the strongest predictor for mortality 
besides viral load [15]. In addition, soluble filovirus gly- 
coproteins (GP) appear to be involved in important path- 
ological mechanisms [16]. Soluble filovirus GP can act as 
decoys for neutralization of antibodies [17] and can in- 
duce a shift toward non-neutralizing antibody formation 
(“antigenic subversion”) [18]. Also, EBOV shed GP have 
been shown to induce a massive release of cytokines by 
binding macrophages and dendritic cells and to increase 
vascular permeability [16]. This is mediated by toll-like 
receptor 4, which was also targeted by MARV GP [19]. 

Due to lack of established specific antiviral therapeu- 
tics or vaccines, the treatment for both MVD and MERS 
is still symptomatic [3, 4]. Therefore, we sought to evalu- 
ate lectin affinity plasmapheresis (LAP) for the reduction 
of virus and GP load from fluids. 


Methods and Material 


LAP combines plasma separation with virus capture by immo- 
bilized affinity agents in the extracapillary spaces of a plasma filter 
(Fig. 1 and US Patent 20120037564 A1). The method is based on 
affinity chromatography where the affinity agent defines the bind- 
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ing partner. It has been shown that Galanthus nivalis agglutinin 
from Galanthus nivalis (the common snowdrop) has a high affin- 
ity to mannose-rich GP [20]. These GP are present on enveloped 
viruses and can also be shed from virus-infected cells [16]. The 
plasmafilter’s 200 nm pores allow plasma, viruses, and viral GP to 
travel alongside the filter’s pressure difference (“starling flow”) in 
the extracapillary space without activating or harming blood cells. 
A high pressure at the blood inlet and low pressure at the blood 
outlet (created by the hollow fiber bundle resistance) allow the fil- 
trate to exit the fibers in the proximal third of the device and bind- 
ing of viruses and GP to the affinity matrix in the extracapillary 
space. Later the cleared plasma rejoins the cellular blood compo- 
nents next to the blood outlet. As plasma never leaves the device, 
no loss of plasma takes place. There was no indication in the hu- 
man clinical data presented to the German medical device regula- 
tory agency (special approval of LAP treatment for an Ebola pa- 
tient in 2014) that beneficial biomolecules are being absorbed with 
a clinically significant level [21]. In addition, it was reported that 
only about 0.08% of total human plasma proteins are absorbed by 
LAP devices (primarily albumin, to a smaller amount IgG) [22]. 

Lentivirus particles were pseudotyped with MERS-CoV S-pro- 
tein derived from a 3 plasmid pseudovirus system (MERS-CoV GP 
plasmid and lentiviral GagPol and enhanced green fluorescent 
protein transfer vectors). The MERS-EMC/2012 S-plasmid was 
provided by Prof. Christian Drosten (Institute of Virology, Chari- 
té, Berlin, Germany). MERS-CoV pseudovirus concentrations of 
500,000/mL totaling 2.5 million viruses in complete medium (n = 
3, DMEM with 10% fetal calf serum, penicillin/streptomycin and 
glutamine, Gibco Life Technologies, Darmstadt, Germany) as well 
as human donor serum (n = 1, #H3667, Sigma-Aldrich, Taufkirch- 
en, Germany) were used for testing. LAP devices (Mini Hemopuri- 
fiers) were provided by Aethlon Medical Inc. (San Diego, CA, 
United States). Furthermore, negative controls (MicroKros mPES 
0.2 wm cartridges, Spectrum Labs Inc., Breda, The Netherlands) 
were tested for the clearance of MERS-CoV pseudovirus as well as 
MARV GP (each n = 4). 

MARV-Musoke GP was expressed from a plasmid obtained 
through BEI Resources (NIAID, NIH, Bethesda, Maryland, United 
States, vector pCAGGS containing Marburgvirus, Musoke GP with 
N-Terminal HA Tag, #NR-49353), expressed in HEK/293T cells and 
purified by immunoprecipitation using the HA Tag (IP Kit-HA Tag 
Immunomagnetic Beads, #TB100028-1, Sino Biological, Beijing, 
China). Afterwards, the GP were size controlled by Coomassie stain- 
ing and quantified by immunoassay (MARV-GP antibody ELISA 
kit, Alpha Diagnostic Intl. Inc., San Antonio, TX, United States). 
Prior to the experiment, MARV GP was diluted to 1,500 ng/mL. 

The extracorporeal circuit was made by MicroPerpex tubing 
(GE Healthcare, Freiburg, Germany) in an LKB 2232 MicroPerpex 
peristaltic pump (LKB, Bromma, Sweden). The columns were 
equilibrated with 5 mL of sterile phosphate-buffered saline before 
it came into contact with the samples and the pump was set to a 
rate of 1 mL/min. Samples were taken every 30 min. For in vivo 
usage, we refer to the detailed description of our successful LAP 
treatment ofan Ebola patient in 2014 [21]. As there were no animal 
or human studies in the MERS-CoV/MARV-GP experiment, an 
approval of the Ethics Committee was not required. For evaluation 
of MERS-CoV clearance, each sample was used for the infection of 
epithelial-like tumorigenic cells (HUH7, obtained through ATCC, 
Manassas, VA, United States). The positive controls were done by 
infection of cells with virus supernatants prior to establishing the 
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Fig. 1. LAP device. Galanthus nivalis (com- 
mon snowdrop) lectin is placed in the ex- 
tracapillary space of a standard plasma fil- 
ter with 200 nm pore size. Enveloped vi- 
ruses are affinity-captured by lectins. The 
purified plasma returns to the patient. LAP, 
lectin affinity plasmapheresis; MERS-CoV, 
middle east respiratory syndrome corona- 
virus; GNA, galanthus nivalis agglutinin; 
MARV GP, marburg virus glycoprotein. 
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Fig. 2. MERS-CoV decrease in infectivity £ 4o4 
vs. time during LAP. The lower graph de- 
notes the mean of 3 MERS-CoV pseudo- 30-4 
virus experiments in complete medium. 
The upper graph shows a MERS-CoV 205 
pseudovirus serum experiment. Measure- 
ments were done by a flow cytometric in- 10 4 
fectivity assay. Controls (n = 4) were done 
with LAP devices without GNA. LAP, lec- 0) ] 
tin affinity plasmapheresis; MERS-CoV, 0 30 60 90 120 150 180 210 
middle east respiratory syndrome corona- Time, min 
virus; GNA, galanthus nivalis agglutinin 
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Table 1. MERS-CoV pseudovirus clearance by LAP (data for Fig. 2): % infectivity vs. time from 4 experiments. LAP I-III show MERS-CoV 
pseudovirus in complete medium, LAP IV (S) was virus in human donor serum 


Time, Infectivity, % 

ee LAPI Control I LAP II Control LAP III Control II LAPIV(S) Control IV (S) 
0 100 100 100 100 100 100 100 100 

30 53.7 94.7 24 75 52.6 87 55.3 100 

60 35 100 10.7 72 41.2 77 50.8 100 

90 36.2 98.5 153 76 28.2 91 50.9 100 

120 29.5 95.5 113 78 24.3 77 45.1 80 

150 24.1 82.6 64 73 23.7 76 40.5 100 

180 25 79.5 6.5 77 17.5 77 40.6 100 


LAP circuit. Expression of the green fluorescent protein marker 
protein (as surrogate for the number of infected cells) was mea- 
sured after 4 days by a flow cytometric infectivity assay (LSR Fort- 
essa, Becton-Dickinson, Heidelberg, Germany). For MARV GP, 
the samples’ GP concentration was measured by the immunoassay 


Results 


MERS-CoV pseudovirus was passed through LAP de- 
vices. Samples were taken every 30 min and used in a cy- 
tometry-based infectivity assay. The data from this study 
are summarized in Figure 2 and Table 1. The experiments 
show a time-dependent MERS-CoV pseudovirus reduc- 
tion of infectivity from 100 to 20-40%, which in other 
terms is a clearance of 60-80% within 3 h. Most of the 
virus and GP was cleared within the first treatment hour. 
Negative controls show 0-20% reduction in infectivity, 
which can be attributed to nonspecific virus binding. 
A representative flow cytometry dot plot is shown in 
Figure 3. 

MARV GP at initially 1,500 ng/mL was circulated 
through LAP devices. Samples were taken every 30 min 
and MARV GP concentration quantified by an immuno- 
assay. The data from these experiments are summarized 
in Figure 4 and Table 2. The results show a 50-70% reduc- 
tion within 3 h. The negative controls show less than 20% 
reduction in MARV-GP concentration. 


Discussion 


We investigated the use of LAP for clearance of 
MERS-CoV pseudotyped viruses as well as MARV GP 
and found evidence for a significant reduction in all ex- 
periments. Further reduction could likely be achieved by 
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scaling up the Galanthus nivalis agglutinin amount in 
LAP devices or by setting up a timed device exchange 
interval. According to our measurements, a suitable time 
point would be after the near saturation interval, that is, 
after about 60 min. Considering our data from the first 
LAP treatment done for a patient affected by EBOV - 
more than 253 million EBOV copies, in addition to sol- 
uble viral GP, were eliminated safely [21, 23, 24] - LAP 
is feasible in vivo and already has a rationale especially 
during early infection [25]. These data have been pre- 
ceeded by the successful treatment of viral hepatitis in 
dialysis patients with a combination therapy made of 
LAP and antiviral medications [26]. The virus elimina- 
tion by LAP is fast and can also clear viral immunosup- 
pressive molecules, that is, free viral proteins and frag- 
ments [27]. 

However, the key question is if there could be a rele- 
vance of plasma virus load reduction for patients with 
MERS-CoV or MARV infection. 

Currently, no specific treatments for MERS or MVD 
are available [3, 4]. Standard of care is ICU support in a 
high containment facility (mandatory for MARV, prefer- 
ential for MERS), especially calculated replacement of 
volume and electrolyte loss as well as RRT and/or respira- 
tory support (respectively extracorporeal membrane oxy- 
genation) and treatment of co-infections. Currently, 
many efforts for effective vaccines are made (MERS-CoV 
see e.g., [28], MARV, EBOV see e.g., [29]) and inter alia 
promising virus-like particles evaluated for immuniza- 
tion [30]. Also, existing medications like interferon-a2b, 
teicoplanin, or eritoran are considered for usage, conva- 
lescent plasma is given, and promising antiviral therapies 
are developed [19, 31-33]. Still, none of them has quali- 
fied for wide scale use up to now. 

Pathophysiologically, MERS-CoV inhibits the host’s 
early antiviral response by suppressing interferon sig- 
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Fig. 3. Representative flow cytometric dot plot: MERS-CoV pseu- 
dovirus infections in HUH7 cells. LAP 0 vs. 180 min. There was a 
marked reduction of infected cells after LAP treatment (GFP pos- 
itive cells). Measurement was by a cytometry-based infectivity as- 


say using MERS-CoV pseudovirus expressing GFP. LAP, lectin af- 
finity plasmapheresis; MERS-CoV, middle east respiratory syn- 
drome coronavirus; GFP, green fluorescent protein. 
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Fig. 4. MARV-GP clearance by LAP: con- 5 40 - 4 
centration vs. time (measurements by im- 2 
munoassay). The lower graph denotes the 304 7 
mean of 3 MARV GP experiments in com- y = 98.566x-025 > 
plete medium, the upper one shows a 20 4 
MARV GP serum experiment. The con- 
trols were done with LAP devices without 10 5 
GNA. LAP, lectin affinity plasmapheresis; 
MERS-CoV, middle east respiratory syn- 0 
drome coronavirus; GNA, galanthus niva- 0 30 60 90 120 150 180 210 
lis agglutinin; MARV GP, marburg virus Time, min 
glycoprotein. 


naling and provoking cytokine dysregulation [34, 35]. 
AKI is common after MERS-CoV infection [6, 7, 36, 
37]. While kidney function appears to be normal in the 
early course, AKI may start between day 10 and 16 [36, 
37] and is a mark of those patients with severe disease: 
up to 70% of ICU patients are dependent on RRT [6, 7]. 
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This is in accordance with MERS-CoV producing al- 
most thousand-fold more infective progeny in renal ep- 
ithelial cells than in bronchial epithelial cells [38]. Tak- 
en together, renal involvement implies a preceding 
bloodstream-based dissemination. Yet, MERS-CoV 
blood kinetics are poorly understood [39]. Neverthe- 
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Table 2. MARV GP clearance by LAP (data for Fig. 4): GP concentration (%) vs. time from 4 experiments. LAP I-III show MARV GP 
in complete medium, LAP IV (S) was MARV GP in human donor serum. Controls (n = 4): LAP devices without GNA 


Time, Concentration, % 

aaa LAPI Control I LAP II Control LAP III Control III | LAPIV(S) Control IV (S) 
0 100 100 100 100 100 100 100 100 

30 37.5 79.9 39 83.5 42.3 89.8 se 93 

60 273 82.4 34.6 81.1 38.6 89.1 46.5 87.8 

90 34.2 78.1 39.4 86 38.2 83.2 46.9 89 

120 28.5 81.2 30.4 83.1 32.5 86.4 45.8 88.1 

150 20.8 76.8 24.6 85 39,3 86.1 39.6 91.8 

180 17.8 78.5 23.3 83.8 34.6 86.5 42.6 94.4 


less, MERS-CoV RNA has been shown in an ICU pa- 
tient in whole blood [8] with increasing virus load, re- 
spectively, decreasing cycle threshold values during the 
ICU stay (cycle threshold 35 to 29-30) and persisting 
presence in blood as well as in urine: from days 13 to 
30 when the patient passed away because of refractory 
acute respiratory distress syndrome, AKI (KDIGO 3), 
and an impaired type I interferon response [5]. Anoth- 
er study classified MERS patients (n = 14) according to 
disease severity and mortality and found sustained vi- 
remia in plasma of all fatal (n = 5, average of 32,000 
copies/mL) and severe cases (n = 4). In contrast, less 
severe cases had stronger antibody responses, less lym- 
phopenia, and either no viremia or they cleared plasma 
until day 18 after symptom onset [9]. Also, it was re- 
ported (m = 21) that patients without traceable blood 
MERS-CoV on admission had a survival rate of about 
90% compared to 40% in blood viral RNA-positive pa- 
tients [10]. 

Marburg fever has a case fatality rate of up to 90%, 
but the pathogenesis remains poorly understood [14]. 
Important characteristics are systemic viral replication, 
immunosuppression, and an abnormal inflammatory 
response finally leading to multiorgan failure. However, 
it must be noted that visible pathological changes 
caused by MARV in single organs are not severe enough 
to explain the disease’s fatal outcome [40]. Importantly, 
this outcome in filovirus infections is correlated with 
plasma virus load: fatal cases show a marked higher vi- 
rus load compared to survivors [41-45]. An important 
feature of filovirus infections appears to be the deploy- 
ment of soluble GP as decoys to subvert and escape the 
immune response [17]. Also, EBOV shed GP have been 
reported to be responsible for an extensive cytokine re- 
lease and increase in vascular permeability [16]. There- 
fore, elimination of soluble GP could reduce inflamma- 
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tion and free up the available antibodies to fight re- 
maining viruses. 

LAP can be easily included in the existing RRT circuits, 
as most severe MERS cases are dependent on RRT [6, 7] 
and KDIGO stage 3 AKI is one of the strongest predictors 
for death in filovirus disease [15]. For Ebola treatment, we 
did incorporate the LAP device in the arterial line up- 
stream of the dialyzer. Anticoagulation of the extracorpo- 
real circuit was achieved using regional citrate anticoagu- 
lation [21]. Because of early virus and GP blood stream 
dissemination, an early initiation of LAP should be evalu- 
ated for mitigation or even suppression of systemic ef- 
fects. In the event of coinfections or the need of cytokine 
respectively specific toxin elimination (e.g., CytoSor- 
bent’s CytoSorb®), the clearance of many enveloped vi- 
ruses by LAP (Aethlon’s Hemopurifier®) could be com- 
plemented by ongoing efforts of the exciting Dialysis- 
Like Therapeutics project [46], like adding specific 
bacterial and fungal elimination (e.g., Exthera’s Seraph® 
Microbind®), 


Conclusion 


MERS-CoV (pseudovirus) and MARV-soluble GP are 
eliminated by LAP in vitro. Considering the high lethal- 
ity and missing established treatment options, LAP 
should be evaluated in vivo. Especially early initiation, 
continuous therapy, and timed cartridge exchanges could 
be of importance. 
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